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(57) ABSTRACT

A sensor for detecting an analyte 1n liquid includes a base
substrate provided with openings and electrode lands on one
surface thereof and SAW elements each provided with a
sensing portion having at least one IDT electrode on one side.
The SAW elements are mounted on the base substrate with
bump electrodes by a flip-chip bonding method so that the
sensing portions ol the SAW elements face the openings of
the base substrate. At least one of the sensing portions 1s
coated with a reaction membrane which binds to an analyte.
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SENSOR FOR DETECTING ANALYTE IN
LIQUID AND DEVICE FOR DETECTING
ANALYTE IN LIQUID USING THE SAME

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present mvention relates to sensors for detecting an
analyte 1n liquid using SAW elements (surface acoustic wave
clements), and also relates to devices for detecting an analyte
in liquid including such sensors. More specifically, the
present invention relates to sensors for detecting an analyte in
liguid, each sensor includes at least one SAW element
mounted on a base substrate via a bump electrode, and also
relates to devices for detecting an analyte 1n liquid with the
SENsors.

2. Description of the Related Art

Various types of sensors for detecting analytes 1n liquids
have been disclosed 1n the past.

For example, Japanese Unexamined Patent Application
Publication No. 63-250560 (Patent Document 1) discloses a
sensor for detecting an analyte 1n liquid using a surface acous-
tic wave. FI1G. 23 1s a schematic front cross-sectional view for
illustrating the sensor disclosed in Patent Document 1.

A sensor 102 for detecting an analyte 1 liquid 1s immersed
in a solution 101 containing an analyte. The sensor 102 1s
defined by a surface acoustic wave element. In other words,
the sensor 102 includes a rectangular plate-like piezoelectric
substrate 103, an input IDT electrode 104, and an output IDT
clectrode 105. The mput IDT electrode 104 and the output
IDT electrode 105 are arranged on the same surface of the
piezoelectric substrate 103 with a predetermined distance
therebetween. In addition, a membrane 106 for adsorbing an
analyte 1s arranged between the input IDT electrode 104 and
the output IDT electrode 105. A surface acoustic wave 1s
excited 1n the piezoelectric substrate 103 by applying an
alternating voltage to the mput IDT electrode 104. The
excited surface acoustic wave propagates toward the output
IDT electrode 105. At the output IDT electrode 103, an elec-
tric signal based on the propagated surface wave 1s extracted.
Since the membrane 106 adsorbs the analyte, the load to the
surface of the piezoelectric substrate 103 due to the mem-
brane 106 1s changed when the analyte 1s present. Conse-
quently, the propagating surface acoustic wave 1s modified by
the presence of the analyte and, therefore, the output extracted
from the output IDT electrode 105 1s changed. Thus, the
detection of the analyte and the measurement of concentra-
tion thereof are enabled.

However, 1n the measurement method using the sensor 102
for detecting an analyte in liquid, the sensor 102 must be
immersed in a liquid 101. Therefore, when the amount of the
liquid 101 containing the analyte 1s small, the analyte 1n the
liquid cannot be detected.

Further, even 1f a large amount of a liquid 1s prepared, the
measurement cost 1s disadvantageously high when the liquid
1S €Xpensive.

In addition, 1n the sensor 102 for detecting an analyte in
liquid, a liquid 101 adheres not only to regions where the
surface acoustic wave propagates but also to regions where
clectrode pads or bonding wires, which are connected to the
IDT electrodes 103 and 104, are disposed. Therefore, the
clectrical characteristic 1s disadvantageously changed so as to
deteriorate the detection accuracy.

On the other hand, Japanese Unexamined Patent Applica-
tion Publication No. 5-45339 (Patent Document 2) discloses
a method for measuring an analyte in liquid without immers-
ing a sensor for detecting an analyte 1 liquid.
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In the sensor of Patent Document 2, an IDT electrode 1s
disposed on a first principle surface of a piezoelectric sub-
strate, and a measuring pond for recerving a liquid containing
an analyte 1s formed on a second principle surface of the
piezoelectric substrate, which 1s the opposite side of the first
principle surface. Here, a liquid 1s injected 1nto the measuring
pond provided on the second principle surface, and the mea-
surement 1s performed. Thus, it 15 not necessary to immerse
the entire sensor in the liquid. Furthermore, since the IDT
clectrode 1s not brought into contact with the liquid, the
clectrical characteristic 1s not substantially changed.

As described above, 1n the sensor disclosed 1n Patent Docu-
ment 2 for detecting an analyte 1n liquid, a large amount of
liquid 1s not necessary. In addition, the liquid negligibly
adheres to the IDT electrode.

However, 1n the sensor disclosed 1n Patent Document 2, a
liquid containing an analyte 1s present on the second principle
surface of the piezoelectric substrate. On the other hand, a
surface acoustic wave propagates on the first principle surface
of the piezoelectric substrate, namely, the surface acoustic
wave propagates extremely close to the surface of the prin-
ciple surface on which the IDT electrode 1s disposed. There-
fore, when a solution 1s applied to the second principle sur-
face, the surface acoustic wave propagating on the first
principle surface 1s not substantially influenced by the change
caused by the presence of the solution. Therefore, 1n the
sensor disclosed 1n Patent Document 2, the detection accu-
racy cannot be suificiently increased.

In addition, 1n the sensor disclosed 1n Patent Document 2,
energy disperses not only to near the surface of the piezoelec-
tric substrate but also to a certain depth of the piezoelectric
substrate. The leak component of a propagating SH wave
causes noise, and therefore, the measurement accuracy 1is
disadvantageously decreased.

SUMMARY OF THE INVENTION

To overcome the problems described above, preferred
embodiments of the present invention provide a sensor for
detecting an analyte in liquid, which 1s not required to be
immersed in a liquid containing the analyte and which accu-
rately detects the analyte 1n a small amount of a liqud, and a
device for detecting an analyte i liquid with the sensor.

A sensor for detecting an analyte 1n liquid according to a
preferred embodiment of the present mvention includes a
base substrate, a piezoelectric substrate, and at least one SAW
clement disposed on the piezoelectric substrate. The base
substrate 1s provided with at least one opening. On one sur-
face of the base substrate, an electrode land 1s provided at the
periphery of the opening. The SAW element includes at least
one IDT electrode defining a sensing portion. The at least one
SAW element 1s mounted on the base substrate so that the
sensing portion of the at least one SAW element faces the at
least one opeming provided to the base substrate. In order to
mount the SAW element on the base substrate, the sensor also
includes a bump electrode connecting the SAW element to the
clectrode land of the base substrate. The sensor further
includes a resin layer coating the circumiferences of the SAW
clement and the bump electrode. Further, the surface of at
least one sensing portion 1s coated with a reaction membrane
which binds to an analyte.

In a preferred embodiment of the sensor for detecting an
analyte 1n liquid according to the present invention, the SAW
clement 1s defined by a resonator-type SAW filter.

In another preferred embodiment of the sensor for detect-
ing an analyte 1 liquid according to the present invention, the
reaction membrane binds to a specific protein.
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In another preferred embodiment of the sensor for detect-
ing an analyte 1n liquid according to the present invention, the
sensor 1s further provided with a first adhesion layer on a
surface of the base substrate, wherein the surface 1s at the
opposite side of the surface on which the SAW element 1s
mounted.

In a further preferred embodiment of the sensor for detect-
ing an analyte 1n liquid according to the present invention, the
sensor 1s further provided with a first protecting member
coating the first adhesion layer.

In another preferred embodiment of the sensor for detect-
ing an analyte 1n liquid according to the present invention, the
sensor 1s provided with a second protecting member fixed to
a surface of the base substrate at the side on which the SAW
clement 1s mounted. The second protecting member includes
a concave portion for receiving the SAW element.

In a further preferred embodiment of the sensor for detect-
ing an analyte 1n liquid according to the present invention, the
sensor 1s provided with a second adhesion layer between the
base substrate and the second protecting member.

In a further preferred embodiment of the sensor for detect-
ing an analyte 1n liquid according to the present invention, the
first protecting member 1s provided with a liquid-supplying
opening which 1s connected to the opening of the base sub-
strate.

In another preferred embodiment of the sensor for detect-
ing an analyte 1n liquid according to the present invention, the
sensor 1s provided with a first channel connecting the liquid-
supplying opeming and the sensing portion of the SAW ele-
ment.

In another preferred embodiment of the sensor for detect-
ing an analyte 1n liquid according to the present invention, the
first protecting member 1s provided with a liquid-discharging
opening, and the sensor 1s further provided with a second
channel connecting the liquid-discharging opening and the
sensing portion of the SAW element.

A device for detecting an analyte 1n liquid according to a
preferred embodiment of the present mvention includes a
sensor for detecting an analyte 1n liquid according to the
present invention, an amplifier, a frequency counter, and a
controller. The amplifier 1s connected to the sensor and ampli-
fies output from the sensor.

In an example of the sensor for detecting an analyte in
liquid according to a preferred embodiment of the present
invention, a plurality of SAW elements are mounted on one
side of a base substrate via bump electrodes so that a sensing
portion faces an opeming of the base substrate. The circum-
terences of the SAW eclements and the bump electrodes are
coated with a resin layer, but the resin layer 1s provided so that
the sensing portion 1s exposed to the opening. Further, the
surface of the at least one sensing portion i1s coated with a
reaction membrane.

Therefore, 1n the measurement, a liquid containing an ana-
lyte may be mjected into the opening of the base substrate
from the side opposite to the side on which the SAW elements
are mounted. In other words, 1t 1s not necessary to immerse
the entire sensor 1n a large amount of a liquid. Therefore, the
analyte 1n liquid can be detected using a small amount of a
liquad.

During detection, a liquid injected into the opeming adheres
to the sensing portion, which faces the opening, of atleast one
of the SAW elements. Since the reaction membrane 1s dis-
posed above the surface of the sensing portion of the at least
one SAW eclement, when the analyte binds to the reaction
membrane, the load caused by the reaction membrane 1s

10

15

20

25

30

35

40

45

50

55

60

65

4

changed. Therelfore, based on the change in the load, the
presence of the analyte and the concentration thereof can be
measured.

In preferred embodiments of the present invention, the
sensing portion of the SAW element 1s present at the side of
the surtace on which the surface acoustic wave propagates,
and a liguid containing an analyte directly adheres to the
reaction membrane which 1s disposed above the sensing por-
tion. Therefore, the sensitivity of the sensor 1n measuring the
analyte 1s effectively increased.

Consequently, an analyte in liquid can be measured by
using a small amount of a liquid with high accuracy and
suificient sensitivity.

When a resonator-type SAW filter 1s used as the SAW
clement, the sensor can be miniaturized as compared to a case
in which a transversal filter 1s used. In addition, the insertion-
loss 1s sigmificantly reduced, which allows a decrease 1n the
amplification degree of an amplifier. Consequently, the elec-
tric power consumption 1s decreased.

When the reaction membrane 1s one that binds to a specific
protein, the existence or nonexistence of the specific protein
and the concentration thereof can be detected or measured
with high accuracy according to various preferred embodi-
ments of the present mvention.

When the sensor 1s further provided with a first adhesion
layer on the base substrate at the side opposite to the surface
on which the SAW element 1s mounted, the circumierence of
the opening where the sensing surface of the SAW element
exposes 1s coated with the first adhesion layer. Therefore,
contamination of the upper surface of the base substrate 1s
prevented. In particular, when an elastic material, such as a
rubber sheet, 1s used as the first adhesion layer, the base
substrate and the adhesion layer can be adhered to each other
by only pushing the sensor from the base substrate side.
Theretfore, the leakage of a liquid 1s securely prevented. In
addition, the volume of a trapped liquid can be controlled by
controlling the thickness of the first adhesion layer.

Further, when the sensor 1s provided with a first protecting,
member coating the first adhesion layer, the volume of an
opening provided to the first protecting member and being
connected to the opening ol the base substrate can be
increased by controlling the thickness of the first protecting
member. As a result, an increased amount of a liquid can be
supplied to the sensing portion.

When the sensor 1s further provided with a second protect-
ing member having a concave portion for receiving the SAW
clement and being fixed to the base substrate at the side on
which the SAW element 1s mounted, the second protecting
member protects the SAW element mounted on the base
substrate.

When the sensor 1s provided with a second adhesion layer
between the base substrate and the second protecting mem-
ber, the adhesion strength between the second protecting
member and the base substrate 1s effectively increased by the
second adhesion layer.

When the first protecting member 1s provided with a liquid-
supplying opening and the liquid-supplying opening 1s con-
nected to the opening of the base substrate, an increased

amount of a liqud can be supplied to the sensing portion of
the SAW element.

When the sensor 1s provided with a first channel connecting,
the liquid-supplying opening and the sensing portion of the
SAW clement, the liquid-supplying opening can be arranged
at a position which 1s different from the position of the sens-
ing portion in the surface direction. Thus, flexibility 1n the
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design 1s increased. In addition, a liquid injected into the
liqguid-supplying opening can be rapidly transierred to the
sensing portion.

When the sensor i1s provided with a liquid-discharging,
opening to the first protecting member and with a second 5
channel for connecting the sensing portion and the liquid-
discharging opening, a liquid used for the measurement of an
analyte can be rapidly discharged to the outside from the
sensing portion through the liquid-discharging opening.

A device for detecting an analyte in liquid according to 10
preferred embodiments of the present mvention includes a
sensor for detecting an analyte 1n liquid according to pre-
terred embodiments of the present invention, an amplifier for
amplifying output from the sensor, a frequency counter, and a
controller. The sensor outputs a frequency signal based on the 15
presence of an analyte or concentration of an analyte. The
frequency signal 1s amplified by the amplifier and counted by
the frequency counter. Thus, since the sensor according to
preferred embodiments of the present invention 1s used in the
device, the presence of the analyte and/or the concentration 20
thereol can be determined with high accuracy.

Other features, elements, steps, characteristics and advan-
tages of the present invention will become more apparent
from the following detailed description of preferred embodi-
ments of the present invention with reference to the attached 25
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a perspective view showing an appearance of a 3¢
sensor for detecting an analyte 1n liquid according to a first
preferred embodiment of the present invention.

FIG. 2 1s an exploded perspective view of the sensor
according to the first preferred embodiment of the present
invention. 35

FIG. 3A 1s a plan view, FIG. 3B 1s a lateral cross-sectional
view, and FIG. 3C 1s a front cross-sectional view of the sensor
according to the first preferred embodiment of the present
invention.

FI1G. 4A 15 a partially cutout enlarged front cross-sectional 40
view showing the details of a mounting structure of a SAW
clement of the sensor according to the first preferred embodi-
ment, and FIG. 4B 1s a plan view showing a structure of
clectrodes defining a sensing portion of the SAW element.

FIG. SA 1s a graph showing a measurement result when the 45
sensor for detecting an analyte 1n liquid according to the first
preferred embodiment 1s used, and FIG. 5B 1s a graph show-
ing a measurement result when a conventional sensor for
detecting an analyte in liquid 1s used by immersing a surface
acoustic wave element 1n a liquid sample. 50

FIG. 6 1s a block diagram for 1llustrating an example of a
device for detecting an analyte in liquid using the sensor
according to the first preferred embodiment of the present
invention.

FI1G. 7 1s a graph for illustrating results obtained by mea- 55
suring a saline containing bovine serum albumin with the
sensor according the first preferred embodiment of the
present invention.

FIG. 8 1s a graph showing a varnation 1n minimum 1nser-
tion-loss before and after the reaction in the measurement go
results shown 1n FIG. 7.

FIG. 9 1s a graph showing normalized frequencies in the
variation of the minimum insertion-loss before and after the
reaction in the measurement results shown 1n FIG. 7.

FIG. 10 1s a graph showing a variation 1n insertion-loss at 65
phase 0° before and after the reaction 1n the measurement
results shown 1n FIG. 7.

6

FIG. 11 1s a graph showing a vanation in normalized fre-
quency at phase 0° before and after the reaction 1n the mea-
surement results shown 1n FIG. 7.

FIG. 12 1s a perspective view showing an appearance of a
sensor for detecting an analyte 1n liquid according to a second
preferred embodiment of the present invention.

FIG. 13 1s an exploded perspective view of the sensor
according to the second preferred embodiment of the present
ivention.

FIG. 14 15 a graph showing a measurement result obtained
by using the sensor according to the second preferred
embodiment of the present invention.

FIG. 15 1s an exploded perspective view of a measurement
device utilizing a sensor for detecting an analyte 1n liquid
according to a third preferred embodiment of the present
invention.

FIG. 16 15 a perspective view showing a state in which a
measurement device 1s provided with a sensor for detecting
an analyte 1 liquid and a holding member.

FIG. 17 1s a perspective view of the measurement device
shown 1n FIG. 16 1n a state in which a lid 1s closed.

FIG. 18 1s an exploded perspective view of the sensor for
detecting an analyte 1n liquid according to the third preferred
embodiment of the present invention.

FIG. 19 1s a front cross-sectional view showing a state 1n
which the sensor according to the third preferred embodiment
1s mounted on a measurement device.

FIG. 20 1s a perspective view showing a sensor for detect-
ing an analyte in liquid according to a fourth preferred
embodiment of the present invention.

FIG. 21 1s a perspective view showing a state in which the
sensor according to the fourth preferred embodiment 1s
mounted on a measurement device.

FIG. 22 1s a front cross-sectional view of the sensor accord-
ing to the fourth preferred embodiment of the present mnven-
tion.

FIG. 23 1s a schematic view for illustrating a conventional
sensor for detecting an analyte 1 liquid.

FIG. 24 1s an exploded perspective view of a modification
example of the sensor according to the second preferred
embodiment of the present invention.

FIG. 25 15 an exploded perspective view of another modi-
fication example of the sensor according to the second pre-
terred embodiment of the present invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

The present invention will now be clarified by describing
preferred embodiments of the present invention with refer-
ence to the drawings.

FIG. 1 1s a perspective view showing a sensor for detecting,
an analyte 1n liquid according to a first preferred embodiment
of the present mvention. FIG. 2 1s an exploded perspective
view ol the sensor.

As shown in FIG. 2, the sensor 1 for detecting an analyte 1n
liqguid according to this preferred embodiment preferably
includes a substantially rectangular plate-like base substrate.
The base substrate 2 i1s preferably constructed of a suitable
hard material such as a synthetic resin or ceramic. The base
substrate 2 1s provided with a plurality of openings 2a and 2b.
In this preferred embodiment, the openings 2a and 26 are
preferably substantially square in plan view. However, the
shape 1s not limited to substantially and may be elliptical, for
example, or other suitable shapes.

As shown in FIG. 2, on the top surface of the base substrate
2, a first adhesion layer 3 and a first protecting member 4 are
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stacked 1n this order. The first adhesion layer 3 and the first
protecting member 4 are provided with substantially rectan-
gular through-holes 3a and 4a, respectively. The through-
holes 3a and 4a are arranged so as to overlap each other in the
thickness direction. The opening portion provided by the
overlapped through-holes 3a and 4a functions as a liquid-
supplying opening and also as a liquid-trapping portion for
trapping a supplied liquid.

The through-holes 3a and 4q are arranged so as to face the
openings 2a and 25 of the base substrate 2. The first adhesion
layer 3 tightly attaches the first protecting member 4 to the
base substrate 2 and may be a rubber adhesive or other adhe-
SIvVE.

The first protecting member 4 1s made of a hard material,
such as a synthetic resin or ceramic. The through-hole 44 has
a specific volume of space, so that the liquid to be supplied
does not leak to the outside from the through-hole 4a and 1s
securely 1njected into the openings 2a and 24.

Furthermore, on the bottom surface of the base substrate 2,
a second protecting member 5 1s attached preferably via an
adhesive. The second protecting member 5 1s made of a hard
material, such as a synthetic resin or ceramic, and has a
plate-like shape. In addition, an adhesive, such as an epoxy
adhesive or a rubber adhesive, may be optionally used.

As 1s shown 1n FIGS. 1 and 2, the planar shapes of the first
adhesion layer 3, the first protecting member 4, and the sec-
ond protecting member S are substantially the same as that of
the base substrate 2. Consequently, the sensor 1 according to
this preferred embodiment has an overall substantially rect-
angular plate-like shape. In addition, the second protecting
member 5 1s provided with concave portions 3a and 5b at
regions corresponding to positions under the openings 2a and
2b. The concave portions 5a and 556 function as receiving
portions by surrounding SAW elements described below. The
concave portions 3¢ and 56 may have bottoms or may be
through-holes. In order to protect the SAW eclements, the
depth of each of the concave portions 5a and 55 1s greater than
the thickness of the SAW elements.

Furthermore, the second protecting member 5 1s provided
with a pair of through-holes 5¢ and 54 near one short side and
a pair of through-holes 5e and 5f near the other short side. The
through-holes Sc¢ to 5/ are provided for inserting measure-
ment pins therein when properties are measured.

In addition, 1t 1s not necessary that all of the base substrate
2, the adhesion layer 3, the protecting member 4, and the
second protecting member 5 shown in FIG. 2 have the same
planar dimension. For example, the base substrate 2 which 1s
made of a relatively expensive material may have a small size,
and other members which are made of inexpensive materials
may have sizes suitable for handling. With that, a sensor for
detecting an analyte 1n liquid, which 1s inexpensive and supe-
rior 1n handling, can be advantageously provided.

FIGS. 3A to 3C are a plan view, a lateral cross-sectional
view, and a front cross-sectional view of the sensor 1. As
shown 1n FIGS. 3B and 3C, first and second SAW elements 6
and 7 are mounted on the bottom surface of the base substrate
2, as a plurality of SAW elements. In FIG. 3A, the SAW
clements 6 and 7 are schematically indicated by the x marks.

In FIGS. 3B and 3C, the mounting structure of the SAW
clements 6 and 7 on the bottom surface of the base substrate
2 1s 1llustrated 1n a simplified manner to facilitate understand-
ing. As a representative of the SAW elements, the mounting
structure of the SAW element 6 1s shown in detail in FIG. 4A
as a partially cutout enlarged front view of the SAW clement
6.

The SAW element 6 includes a piezoelectric substrate 8.
The piezoelectric substrate 8 1s preferably made of a piezo-
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clectric single crystal or piezoelectric ceramic. On the top
surface of the piezoelectric substrate 8, IDT electrodes 9 and
10 are provided. Further, reflectors are provided at both sides
of the IDT electrodes 9 and 10 1n the propagation direction of
surface waves. In FIG. 4A, the region in which the IDT
clectrodes 9 and 10 are disposed 1s schematically 1llustrated.
More specifically, as shown in FIG. 4B as a schematic plan
view of the electrode structure, the IDT electrode 9 and the
IDT electrode 10 are arranged 1n parallel 1n the propagation
direction of surtace waves. Furthermore, retlectors 11 and 12
are provided at both sides of the region where the IDT elec-
trodes 9 and 10 are disposed. Thus, a resonator filter 1s pro-

vided.

In FIG. 4A described above, the region 1n which the IDT
clectrodes 9 and 10 are disposed defines as a sensing portion,
and these IDT electrodes 9 and 10 are coated with a reaction
membrane 13. The reaction membrane 13 1includes a material
which binds to an analyte 1n liqud. The reaction membrane
13 may be made of any material as long as the analyte can
bind to the material on the surface of the reaction membrane
13. For example, the reaction membrane 13 includes a mate-
rial which binds to a specific protein in a liquid. In such a case,
the presence of the specific protein and concentration thereof
can be detected or measured using the sensor 1 for detecting
an analyte 1 liquad.

An example of the specific protein 1s bovine serum albu-
min, and an example of the reaction membrane 13 1n such a
case 1s N-2(aminoethyl)-3-aminopropyltrimethoxysilane
[(CH;0);S1C;H.NHC,H,NH,].

The reaction membrane 13 may include a material which
binds to an analyte other than proteins. Furthermore, the
reaction membrane 13 may include only a material which
binds to an analyte or may include a composition of a material

which binds to an analyte and another base material which
functions as a matrix.

As shownin FIG. 4A, the SAW element 6 includes the IDT
clectrodes 9 and 10 on the top surface of the piezoelectric
substrate 8. Therefore, a sensing portion 1s provided on the
top surface of the piezoelectric substrate 8. In this preferred
embodiment, the SAW element 6 1s mounted on the bottom
surface of the base substrate 2 so that the sensing portion faces
the opening 2a.

Furthermore, as shown 1n FI1G. 4A, the SAW element 6 1s
connected to electrode lands 14 and 15 disposed on the bot-
tom surface of the base substrate 2 via bump electrodes 16a
and 16b. The bump electrodes 16a and 165 electrically con-
nect the IDT electrodes 9 and 10 of the SAW element 6 to the
clectrode lands 14 and 15 and fix the SAW element 6 to the
bottom surface of the base substrate 2.

In other words, the SAW element 6 1s mounted on the
bottom surface of the base substrate 2 by a flip-chip bonding
method using the bump electrodes 16a and 165. Theretfore, in
this preferred embodiment, the mounting structure of the
SAW elements 6 and 7 on the base substrate 2 can be minia-
turized as compared to that using a wire bonding method.

As the bump eclectrodes 16a and 165, bump electrodes
made of a metal, such as Au, may be optionally used.

The SAW element 7 1s also mounted on the bottom surface
of the base substrate 2 as 1n the SAW element 6. In addition,
aresin layer 17 1s provided for sealing the connection parts of
the bump electrodes 16a and 16b. The resin layer 17 1s hard-
ened preferably using a thermosetting resin or a photosetting
resin. Examples of the thermosetting or photosetting resin
include epoxy resins and polyimide resins.

As shown 1n FIG. 2 and FIG. 3A, the electrode lands
clectrically connected to the SAW elements 6 and 7 are con-
nected to wiring electrodes 18, 19, 20, and 21 disposed on the
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bottom surface of the base substrate 2. The wiring electrodes
18 and 19 are connected to the electrode lands 14 and 15
which are connected to the SAW element 6. The outside ends
of the wiring electrodes 18 and 19 are connected to electrode
pads 18a and 19a. As shown in FIG. 2, the electrode pads 18a
and 19q are arranged at positions so as to overlap the through-
holes 5¢ and 54 provided to the second protecting member 3.
When measurement pins are inserted into the through-holes
5¢ and 3d, the measurement pins abut against the electrode
pads 18a and 19a to allow the measurement.

Similarly, electrode pads 20a and 21a are provided at the
outside ends of the wiring electrodes 20 and 21. The electrode
pads 20a and 21a are located inside the through-holes Se and
5/ provided in the second protecting member 5.

The detection procedure using the sensor 1 for detecting an

analyte 1n liquid according to this preferred embodiment will
be described.

In a detection of an analyte 1n liquid, a liquid containing an
analyte 1s supplied to the through-hole 4a of the first protect-
ing member 4 as a liquid-supplying opening. The liquid may
be supplied to the through-hole 4a by 1injecting or dropping,
the liquid with a syringe or pipette. As aresult, the liquid 1s fed
into the openings 2a and 25 through the through-holes 4a and
3a. Then, the liquid adheres to the sensing portions of the
SAW elements 6 and 7 facing the openings 2a and 25. When
the sensing portion of the SAW element 6 1s provided with a
reaction membrane 13 and the liquid contains an analyte, the
analyte binds to the reaction membrane 13 to induce a change.
This change modifies the load applied to the sensing portion
of the SAW element 6. Therefore, a difference in the load
occurs between the load applied to a SAW element which 1s
provided with the reaction membrane 13 and that appliedto a
SAW element which 1s not provided with the reaction mem-
brane 13 as a standard. Consequently, the outputs of the SAW
clements 6 and 7 are different from each other to allow the
detection of the presence of the analyte and measurement of
the concentration thereof.

The device for detecting an analyte using the sensor 1
according to this preferred embodiment 1s not specifically
limited. For example, as shown i FIG. 6, an amplifier 22 1s
connected to the output terminal of the sensor 1. The output of
the amplifier 22 1s connected to the mnput side of the sensor 1,
and the output terminal of the amplifier 22 1s connected to a
frequency counter 23. The output terminal of the frequency
counter 23 1s connected to a controller 24. The controller 24
determines the presence or absence of a measurement result
based on a signal from the frequency counter 23.

FIG. 5A 1s a graph showing output signals as a measure-
ment result when saline containing bovine serum albumin 1s
used as the liquid to be measured and the reaction membrane
13 includes a material which binds to the bovine serum albu-
min.

As shown 1n FIG. SA, 1t 1s confirmed that the oscillation
amplitude at the normalized oscillation frequency (iIre-
quency/resonance frequency of SAW element) 1s signifi-
cantly large due to the presence of bovine serum albumin, and
thereby the presence ol bovine serum albumin can be detected
with high accuracy.

In addition, a sensor for detecting an analyte 1 liquid,
which includes a SAW element similar to the SAW element 6,
1s provided and immersed 1n saline containing bovine serum
albumin as described above. FIG. 5B shows output signals
when the measurement of a SAW element 1s performed 1n a
state 1n which portions other than the sensing portion of the
SAW element (portions other than the IDT, namely, wiring
patterns, electrode pads, and so on) are exposed to the saline.
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As shown 1n FIG. 5B, it 1s confirmed that bovine serum
albumin 1s not detected because the measurement sensitivity
1s 1nsuilicient.

FIG. 7 1s a graph showing the measurement results when
saline containing bovine serum albumin 1s measured using
the sensor 1 according to the above-described preferred
embodiment. The solid line 1n FIG. 7 shows belore the reac-
tion, namely, the result when saline not containing bovine
serum albumin 1s supplied. The broken line shows the result
when saline containing about 50 ug/ml of bovine serum albu-
min 1s measured. FIG. 7 shows the insertion-loss/frequency
characteristic and phase/frequency characteristic. When
saline containing bovine serum albumin 1s supplied, the char-
acteristics of the SAW elements 6 and 7 are significantly
changed. Here, the average characteristic between the SAW
clements 6 and 7 1s shown.

In order to easily make comparison, the results shown 1n
FIG. 7 are divided into the measurement results before the
reaction and after the reaction and are shown in FIGS. 8 to 11.
FIG. 8 shows the minimum insertion-loss. FIG. 9 shows the
normalized frequency when the minimum insertion-loss
largely changes. FIG. 10 shows the insertion loss at phase 0°.
FIG. 11 shows the normalized frequency at phase 0°.

As shown 1n FIGS. 8 to 11, 1t 1s recognized that the mini-
mum 1nsertion-loss, normalized frequency when the mini-
mum insertion-loss largely changes, insertion-loss at phase
0°, and normalized frequency at phase 0° are substantially
changed between before and after the reaction. Therefore, 1t 1s
confirmed that the presence of bovine serum albumin can be
detected with high accuracy by detecting those changes.

FIG. 12 1s a perspective view showing an appearance of a
sensor for detecting an analyte 1n liquid according to a second
preferred embodiment of the present invention. FIG. 13 1s an
exploded perspective view of the sensor.

In the sensor 31 for detecting an analyte in liquid according,
to the second preterred embodiment, a first adhesion layer 33
and a first protecting member 34 are stacked on the bottom
surface of a base plate 32. Furthermore, on the top surface of
the base plate 32, a second adhesion layer 35 and a second
protecting member 36 are stacked 1n this order. In this pre-
ferred embodiment, SAW elements 37 and 38 are mounted on
the top surface of the base plate 32 by a tlip-chip bonding
method. In other words, on the bottom surface (not shown in
FIG. 13) of the base plate 32, IDT electrodes, reflectors, and
a reaction membrane are arranged. In addition, the base plate
32 1s provided with openings facing a sensing portion as in the
first preferred embodiment, namely, sensing portions of the
SAW elements 37 and 38 are arranged so as to face the
openings.

In other words, the structure of the SAW elements 37 and
38 and the base plate 32 corresponds to a structure obtained
by turning the base substrate 2 and the SAW elements 6 and 7
in the first preferred embodiment.

The lengths of the opposing sides 32a and 325 of the base
plate 32 are greater than those of the first protecting member
34 and the second protecting member 36 1n the same direc-
tion. Furthermore, on the bottom surface of the base plate 32,
wiring electrodes 41 to 46 defining connecting electrodes to
the outside are disposed. The wiring electrodes 41 to 46 are
configured so as to extend to an end 32¢ of the base plate 32.
As shown 1 FIG. 12, the end 32¢ of the base plate 32 pro-
trudes further than the ends of the first protecting member 34
and the second protecting member 36. Therefore, 1n the sen-
sor 31 according to this preferred embodiment, for example,
the protruding portion 324 1s inserted into a card isertion slot
of a measurement device and thereby the wiring electrodes 41
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to 46 are electrically connected to electrodes of the measure-
ment device to enable the measurement.

As shown 1n FIG. 13 described above, the first protecting
member 34 stacked on the first adhesion layer 33. In addition,
the second protecting member 36 1s disposed on the second
adhesion layer 35. The second protecting member 36 1s pro-
vided with through-holes 36a and 365b. The through-hole 36a
functions as a liquid-supplying hole and the through-hole 3656
functions as a liquid-discharging hole. The adhesion layer 35
1s provided with through-holes 35aq and 356 so that the
through-holes 35aq and 355 overlap the through-holes 36a and
36D, respectively. In addition, the adhesion layer 35 1s pro-
vided with through-holes 35¢ and 354 so that the SAW ele-
ments 37 and 38 are surrounded by the through-holes 35¢ and
354, respectively. Although not shown 1n the figure, concave
portions for receiving the SAW elements 37 and 38 may be
similarly provided on the bottom surface of the second pro-
tecting member 36.

Furthermore, the adhesion layer 335 is provided with a
through-hole 35¢ extending substantially parallel to the direc-
tion connecting between the SAW elements 37 and 38.

The base plate 32 1s provided with first channels 33aq and
33) which face the through-hole 35¢. The first channels 33a
and 335 are formed by forming groove-like through-holes 1n
the base substrate. One end of each of the first channels 334
and 335 1s connected to the through-hole 35¢. The other ends
of the first channels 334 and 335 are connected to the through-
hole 35a or 355 and the through-hole 36a or 365, which are
located above. Therefore, a liquid supplied to the through-
hole 36a defiming the liquid-supplying opening reaches the
first channel 33a through the through-hole 354. In addition,
when the liquid flows 1n the first channel 33a, the liquid enters
the bottom surface of the SAW element 37 from the opening,
located on the bottom surface of the SAW element 37 and 1s
brought into contact with the sensing portion of the SAW
clement 37. Further, the liquid reaches the second channel
335 from the first channel 33a through the through-hole 35¢
defining a second channel. Then, the liquid 1s brought into
contact with the sensing portion of the SAW eclement 38
exposing the liquid to an opening provided to the base sub-
strate 32 at the second channel 335 and further tlows to the
through-hole 365 defining a liquid-discharging hole from the
end of the channel 335.

In order to achieve the above-described flow of a liquid, for
example, the liquid 1s supplied to the through-hole 36a and
discharged from the through-hole 365 by pressing the tip of a
tube or pipette to the through-hole 364 and supplying a liquid
into the through-hole 36a while applying a pressure to the
liquid or by aspirating the liquid from the through-hole 3654.

In the sensor 31 for detecting an analyte 1n liquid according,
to this preferred embodiment, an analyte in liquid can also be
measured by supplying a small amount of the liquid as in the
first preferred embodiment. In addition, 1n this preferred
embodiment, the end 32c¢ of the base substrate 32 protrudes
further than other members. Therefore, the measurement can
be readily performed by 1nserting the protruding portion into
a card 1nsertion slot of a card-type measurement device.

FIG. 14 1s a graph showing measurement results when the
sensor for detecting an analyte 1n liqud according to the
second preferred embodiment 1s used. In FIG. 14, the solid
line shows the result obtained by measuring saline containing
about 134 ng/ml of bovine serum albumin. The broken line
shows the result obtained by measuring saline containing
about 3 ug/ml of bovine serum albumin. As shown 1n F1G. 14,
it 1s confirmed that the change 1n concentration of bovine
serum albumin 1s extremely accurately detected based on a
variation 1n the normalized frequency.
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In the second preferred embodiment, two SAW elements
3’7 and 38 are used. However, as a modified example shown 1n

FIG. 24, the SAW element may be a single SAW clement
37A. In such a case, the SAW element 37A 1s provided with
two IDTs as two sensing portions.

Furthermore, although two IDT's are provided as the sens-
ing portions in the modified example shown in FIG. 24, the
SAW may be a single SAW element 37 provided with only
one IDT as the sensing portion as in a modified example
shown 1n FIG. 25.

When a single element for sensing 1s used as 1n modified
examples shown in FIGS. 24 and 25, the cost and size of the
sensor can be decreased.

A sensor for detecting an analyte 1n liquid according to a
third preferred embodiment will be described with reference
to FIGS. 15 to 19. In this preferred embodiment, a sensor 51
for detecting an analyte 1n liquid 1s mounted on a measure-
ment device 53 with a holding plate 52, which 1s separately
shown 1n the upper side of the sensor 51 1n the figure.

FIG. 18 1s an exploded perspective view for 1llustrating the
sensor 51. The sensor 51 1s provided with a base substrate S1a
on which an adhesion layer 3 1s fixed. On the rear surface of
the base substrate 51a, SAW elements are mounted as in the
sensor 1 in the first preferred embodiment.

The sensor 51 according to this preferred embodiment 1s
configured as 1n the sensor 1 according to the first preferred
embodiment except that the first protecting member 4 1s not
provided. Therefore, 1n the sensor 51, the first adhesion layer
3 1s exposed to the upper surface. Since the sensor 51 1is
configured as 1n the sensor 1, the description for the first
preferred embodiment 1s referred to here.

As shown 1 FIG. 15 described above, 1n this preferred
embodiment, the measurement device 53 includes a base
body 54 for mounting the sensor 51 thereon and a lid 55 which
1s attached to a connection part at one end of the base body 54
so as to be rotatable around the connection part as the center.
Furthermore, the base body 54 1s provided with a sensor-
mounting portion 54a for mounting the sensor 31 thereon.
The sensor-mounting portion 54a 1s provided with measure-
ment probe pins 56a and 565. The sensor 51 1s mounted on the
sensor-mounting portion 54q from above the measurement
probe pins 564 and 565b.

In addition, above the sensor 51, a holding plate 52 1s
disposed. The holding plate 52 1s similar to the first protecting
member 4 provided to the sensor 1 according to the first
preferred embodiment.

As shown 1n F1G. 16, the sensor 51 and the holding plate 52
are mounted on the device and then the lid 55 1s rotated with
the connection part so that a notch 5354 provided at the end of
the 11d 55 1s engaged with a protrusion 345 provided to one
end of the base body 54. Thus, as shown 1n FI1G. 17, the notch
53a of the lid 55 15 engaged with the protrusion 345 to close
the 11d 55. As shown 1n FIG. 19, 1n the state 1n which the lid 55
1s closed, the holding plate 52 is pressed onto the first adhe-
sion layer 3. The thickness of the holding plate 52 1s deter-
mined so that the holding plate 52 1s pressed downward by the
bottom surface of the lid 55. Therefore, the measurement
probe pins 36a and 565 are securely abutted against the elec-
trodes disposed on the bottom surface of the sensor 51 to
allow the measurement.

As 1s obvious from this preferred embodiment, the sensor
for detecting an analyte 1n liquid according to the present
invention may not be provided with the first protecting mem-
ber. In other words, a holding plate 52 may be used instead of
the first protecting member. In addition, in some cases, the
sensor may not be provided with the holding plate 52 when
the thickness of the adhesion layer 3 1s sufliciently increased.




US 7,389,673 B2

13

The holding plate 52 may be optionally made of a ngid
maternial, such as a metal, synthetic resin, or ceramic. In
addition, the holding plate 52 may be made of an elastic
material, such as rubber.

Furthermore, 1n cases 1n which the holding plate 52 1s used
or not, the first adhesion layer 3 1s preferably made of an
elastic material, such as a rubber sheet. With such a material,
the first adhesion layer 3 1s securely adhered to the upper and
lower members by pressing from above. Thus, leakage of a
liquid 1s prevented.

In addition, by controlling the thickness of the adhesion
layer 3, the volume for trapping a liquid can be readily
adjusted to a desired value.

In addition, the material for the adhesion layer 3 1s not
limited to elastic matenials, such as rubber. An adhesive tape
which 1s made of an adhesive agent provided on one surface
of the backing material which 1s made of a synthetic resin
film, such as polyethylene terephthalate, may be used as the
adhesion layer 3.

When the sensor 1s not provided with the first protecting
member, the number of components of the sensor itself 1s
reduced. Therelfore, the cost of the sensor for detecting an
analyte 1 liquid 1s reduced. In addition, the holding plate 52
1s not directly exposed to a liquid, and therefore, can be used
repeatedly.

In FIG. 15, the holding plate 52 1s prepared as a different
member from the lid 55. However, the holding plate 52 may
be fixed to the bottom surface of the lid 35 1n advance. Fur-
thermore, the bottom surtace of the lid 55 may be integrally
provided with a portion having the same function as that of the
holding plate 52. In such cases, the number of the components
1s Turther reduced.

However, the holding plate 52 is preferably provided as a
different member because the structure of the lid 55 can be
simplified and the thickness of the holding plate 52 can be
readily modified. Consequently, one measurement device 33
can be used for various types of sensors.

FIGS. 20 to 22 are views for illustrating a sensor for detect-
ing an analyte 1 liquid according to a fourth preferred
embodiment. As shown 1n FIGS. 20 and 21, 1n this preferred
embodiment, the sensor 61 for detecting an analyte 1n liquid
includes a base substrate 61a, an adhesion layer 3 disposed on
the base substrate 61a, and a holding plate 62 disposed on the
adhesion layer 3. The adhesion layer 3 may be similar to the
adhesion layer 3 1n the first preferred embodiment. In addi-
tion, on the bottom surface of the base substrate 61a, SAW
clements 6 and 7 are disposed. The structure at a portion
where the base substrate 61a and the SAW elements 6 and 7
are disposed 1s substantially the same as that of the sensor 1 1n
the first preferred embodiment. Therefore, the description of
the first preferred embodiment 1s referred to here.

In addition, the holding plate 62 1s disposed on the adhe-
sion layer 3. The holding plate 62 may be optionally formed
ol a material, such as a metal, synthetic resin, or ceramic. The
sensor according to this preferred embodiment 1s provided
with channels 63a and 635 1n which a liquid as a measuring
object flows. The mner ends of the channels 63a and 635
extend to a detection portion. The outer ends of the channels
63a and 635 extend to opposing end faces 62a and 625 of the
holding plate 62. Tubes 64 and 65 are fixed to the end faces
62a and 62b. The tubes 64 and 635 are connected to the
channels 63a and 635. In this preferred embodiment, a liquid
as a measuring object 1s supplied and discharged through the
tubes 64 and 65. Therelore, the leakage of the liquid from the
top surface of the holding plate 62 1s prevented.

The sensor 61 according to this preferred embodiment can
be used, as shown FIG. 22, by placing the sensor 61 on the
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sensor-mounting portion 54a of the measurement device 55
and then closing the lid 55. In this case also, electrodes dis-
posed on the bottom surface of the sensor 61 can be securely
abutted against the measurement probe pins 56a and 565
(refer to FIG. 15) by adding flexibility to the adhesion layer 3
or by adding flexibility to a portion of the holding plate 62.

Furthermore, 1n this preferred embodiment, two SAW ele-
ments are used, and one of the two SAW elements 1s provided
with a reaction membrane. However, 1n the present invention,
the number of the SAW elements may be one element or three
or more elements.

For example, when first to third SAW elements, are used,
the SAW elements are configured as follows: Among the first
to third SAW elements, the first and second SAW elements
are each provided with a reaction membrane and the third
SAW element 1s not provided with a reaction membrane. In
this case, the third SAW element functions as a reterence. A
liquid 1s supplied to the exposed first to third SAW elements
and then frequencies are measured. A first frequency varia-
tion which 1s the difference between frequencies 1n the first
SAW element and the third SAW element and a second {re-
quency variation which 1s the difference between frequencies
in the second SAW element and the third SAW element are
determined. Then, the average of the first and second fre-
quency variations 1s calculated. Using the average, the mea-
surement accuracy in analyte measurement based on the fre-
quency variation 1s icreased.

In addition, 1n the sensor for detecting an analyte i liquid
according to the second preferred embodiment shown in FIG.
13, the size of the opening of the base substrate 32 1s larger
than that of the SAW elements 37 and 38. However, 1n the
sensor 51 shown 1n FIG. 18, the size of the opening of the base
substrate 51a 1s smaller than that of the SAW elements 37 and
38. Thus, either the size of the SAW element or the size of the
opening can be larger than the other.

While preferred embodiments of the present mvention
have been described above, 1t 1s to be understood that varia-
tions and modifications will be apparent to those skilled 1n the
art without departing the scope and spirit ol the present inven-
tion. The scope of the present invention, therefore, 1s to be
determined solely by the following claims.

What 1s claimed 1s:

1. A sensor for detecting an analyte 1n liquid, the sensor

comprising;

a base substrate provided with at least one opening and an
clectrode land on a surface thereof at a periphery of the
opening;

a piezoelectric substrate, at least one SAW element includ-
ing at least one IDT electrode and defining a sensing
portion provided on the piezoelectric substrate, the
piezoelectric substrate mounted on the base substrate so
that the sensing portion of the at least one SAW element
faces the at least one opening of the base substrate;

a bump electrode connecting the at least one SAW element
to the electrode land of the base substrate and mounting
the at least one SAW element on the base substrate;

a resin layer coating circumierences of the at least one
SAW element and the bump electrode; and

a reaction membrane selected to bind to an analyte and
coating the surtace of at least one sensing portion.

2. The sensor for detecting an analyte in liquid according to

claim 1, wherein the at least one SAW element 1s a resonator

SAW filter.

3. The sensor for detecting an analyte in liquid according to
claim 1, wherein the reaction membrane binds to a specific
protein.
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4. The sensor for detecting an analyte 1n liquid according to
claim 1, further comprising a first adhesion layer on a surface
of the base substrate, the surface being at an opposite side of
the surface on which the at least one SAW element 1s
mounted.

5. The sensor for detecting an analyte in liquid according to
claim 4, further comprising a first protecting member coating
the first adhesion layer.

6. The sensor for detecting an analyte 1n liquid according to
claim 1, further comprising a second protecting member fixed
to the base substrate at the side on which the at least one SAW
clement 1s mounted, the second protecting member being
provided with a concave portion for recerving the at least one
SAW element.

7. The sensor for detecting an analyte 1n liquid according to
claim 6, further comprising a second adhesion layer between
the base substrate and the second protecting member.

8. The sensor for detecting an analyte in liquid according to
claim 5, wherein the first protecting member 1s provided with
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a liquid-supplying opening, the liquid-supplying opening 20

being connected to the opening of the base substrate.
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9. The sensor for detecting an analyte 1n liquid according to
claim 8, further comprising a first channel arranged to con-
nect the liquid-supplying opening to the sensing portion of
the at least one SAW element.

10. The sensor for detecting an analyte 1n liquid according
to claim 9, wherein the first protecting member 1s provided
with a liquid-discharging opening, and the sensor further
comprises a second channel arranged to connect the liquid-
discharging openming to the sensing portion of the SAW ele-
ment.

11. A device for detecting an analyte 1n liquid, the device
comprising:
a sensor for detecting an analyte 1 liquid according to
claim 1;
an amplifier connected to the sensor and arranged to
amplily output from the sensor;
a frequency counter; and

a controller.
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